Background and Purpose-The long-term risk of specific stroke subtypes among heart failure patients is largely unknown.
H eart failure, affecting >23 million people per year worldwide, is a leading cause of death. 1 Comorbidities associated with heart failure have substantial implications for its prognosis. 2 Heart failure may increase the risk of ischemic stroke because of thromboembolic complications and increased activity of procoagulant factors. At the same time, heart failure is associated with low blood pressure, which may protect against stroke. 3 Well-known stroke risk factors include disorders associated with heart disease, such as hypertension, coronary artery disease, atrial fibrillation, diabetes mellitus, and obesity. 4 However, the role of heart failure as a risk factor for stroke remains less clear. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] A few studies have compared stroke risk among heart failure patients with that of the general population. However, these were limited by relatively small sample sizes (<1500 patients) [5] [6] [7] [8] and relatively short follow-up periods (<5 years). [5] [6] [7] As well, they were conducted in the era before routine use of angiotensin-converting enzyme inhibitors and beta blockers, 8 did not separately examine ischemic and hemorrhagic stroke, [6] [7] [8] and did not adjust or stratify for atrial fibrillation. 7, 8 They found that heart failure patients had a higher 30-day ischemic stroke rate than persons in the general population, 5, 6, 15 but data after this initial follow-up period were sparse and equivocal. 5, 15 We, therefore, examined short-term (0-1 year) and longterm (1-30 year) risks and temporal trends in risk of ischemic stroke, intracerebral hemorrhage (ICH), and subarachnoid hemorrhage (SAH) in a large cohort of heart failure patients and in a general population comparison cohort. We also assessed how comorbidity affected the relation between heart failure and stroke risk. An understanding of this association could have important implications for future prevention strategies in patients with heart failure.
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Methods

Setting and Design
We conducted a population-based nationwide cohort study of Danishborn residents (7 107 236 people cumulatively during the study period). 16 In Denmark, all residents have equal access to universal tax-supported health care, including unfettered access to general practitioners and hospitals, and partial reimbursement for prescribed medications. All residents are assigned a unique central personal registry number at birth or on immigration, allowing linkage of data among administrative and medical registries.
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Heart Failure Patients
Patients with a first-time hospitalization for heart failure between January 1, 1980, and November 30, 2012, were identified from the Danish National Patient Registry (DNPR). 17 Since 1977, this registry has maintained records on hospital admissions and discharges, including dates and diagnoses coded according to the International Classification of Diseases, 8th Revision through 1993 and 10th Revision thereafter. 17 Hospital outpatient clinic and emergency room visits were added in 1995. We used both primary and secondary diagnoses (eg, heart failure diagnosed secondary to myocardial infarction) to identify patients with heart failure. To examine firsttime stroke events in our study population, we excluded patients with an inpatient, emergency room, or outpatient clinic diagnosis of transient ischemic attack or stroke before the heart failure admission date. International Classification of Diseases codes used in the study are provided in Table I in the online-only Data Supplement.
General Population Comparison Cohort
We used the Danish Civil Registration System, which has maintained a registry with dates of birth, emigration, and death with daily updates since 1968, to form a general population comparison cohort. We matched each heart failure patient on birth year, sex, and calendar year of heart failure diagnosis with ≤5 individuals drawn from the general population without heart failure. 16 We used matching with replacement (ie, individuals from the general population comparison cohort could be matched with >1 heart failure patient). 18 We excluded individuals with a previous inpatient or outpatient diagnosis of transient ischemic attack or stroke. Individuals diagnosed with heart failure after the index date were sustained in the general population comparison cohort (to avoid informative censoring). The index date was defined as the inpatient hospital admission date for persons diagnosed with heart failure and the corresponding date of matching for members of the general population cohort.
Stroke
The study outcome was defined as all inpatient hospitalizations for stroke recorded in the DNPR after the index date. 17 Stroke included first-time ischemic stroke, ICH, or SAH. In primary analyses, unspecified stroke diagnoses were included in the definition of ischemic stroke because more than 2 thirds of unspecified strokes in the DNPR are ischemic in origin.
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Covariables
We retrieved information from the DNPR on factors associated with heart failure and comorbidities between 1977 and the index date, using all available primary and secondary hospital-based diagnoses except for those made in an emergency room. 17 We obtained data on previous myocardial infarction, angina pectoris, atrial fibrillation or flutter, valvular heart disease, hypertension, intermittent claudication, venous thromboembolism, hypercholesterolemia, hypertriglyceridemia, obesity, diabetes mellitus, chronic kidney disease, cancer, chronic pulmonary disease (as an indicator of chronic cigarette exposure), alcoholism-related disease, and dementia.
Statistical Analysis
All heart failure patients and members of the general population comparison cohort were followed from the index date until the hospital admission date for any stroke, emigration, death, November 30, 2013, or 30 years of follow-up, whichever came first. We characterized the cohorts by sex, age categories (<60, 60-69, 70-79, and ≥80 years), index year calendar periods (1980−1989, 1990−1999, and 2000−2012) , and the covariables described earlier. Age and personyears of follow-up were reported as medians with interquartile ranges. Characteristics of the cohorts were compared using Chi-square test for categorical variables and 2-sample t test for continuous variables. Cumulative stroke risks were calculated using cumulative incidence curves/risks, accounting for death as a competing risk. We computed standardized incidence ratios as the observed number of stroke cases among heart failure patients divided by the expected number of cases in the general Danish population (assuming that heart failure patients had the same stroke risk as the general population). 20 The expected number of stroke cases was calculated using national incidence rates for first-time stroke diagnoses, by sex, age, and 1-year intervals. The 95% confidence intervals (CIs) for the standardized incidence ratio estimates were computed assuming a Poisson distribution of the observed number of stroke cases in the different time periods. Stratified Cox regression analysis was used to calculate unadjusted (controlled only for matching factors by study design) and adjusted stroke rate ratios (aSRRs, specifically hazard ratios) with corresponding 95% CIs, comparing heart failure patients with the general population cohort. 21 We adjusted for the variables presented in Table 1 in the regression analysis.
To investigate associations between heart failure and stroke independent of atrial fibrillation or atrial flutter, we repeated the analyses in heart failure patients and individuals from the general population with and without atrial fibrillation or atrial flutter. To assess temporal changes in stroke risk, we stratified the analyses by calendar periods, and we provided statistics for temporal changes using the statistical basis of meta-analyses. 22 We also considered potential interactions in stratified analyses, which we used to examine the risk of stroke by sex, age groups, and in subgroups of heart failure patients. The proportional hazards assumption was assessed graphically in the pooled data set by means of log-log plots and found to be satisfied for the time periods analyzed.
Sensitivity Analyses
We conducted 7 sensitivity analyses. First, to improve the specificity of the stroke diagnosis, we limited an analysis to patients who were diagnosed with stroke and underwent a computed tomography scan or magnetic resonance imaging scan of the brain during the same admission (restricted to patients diagnosed from January 1, 2000, onwards, when these data were available). Second, we separately analyzed patients with unspecified stroke and specified ischemic stroke. Third, since antithrombotic drugs, angiotensin-converting enzyme inhibitors, and beta blockers may be important risk reduction mediators between heart failure and ischemic stroke, we repeated the analyses adjusting for their use within 90 days before the index date, using data from the National Health Service Prescription Database (data available from July 2004 onwards). 23 Because the validity of recurrent stroke diagnoses in the DNPR is unknown, in the main analysis, we followed patients only until their first stroke diagnosis. However, to test the sensitivity of this approach, in our fourth sensitivity analysis, we allowed individuals to be at risk of other stroke subtypes after their initial stroke diagnosis. Fifth, we repeated the analyses for patients with first-time outpatient heart failure diagnoses (data available from January 1, 1995, onwards). Sixth, to exclude reverse causality (ie, stroke patients admitted with heart failure), we restricted the analyses to patients with primary heart failure inpatient diagnoses. Finally, because data on heart failure severity (ie, left ventricular ejection fraction) were not available, we stratified our heart failure cohort by intensive care unit admission and length of hospital stay (≤7 days and >7 days) as proxy measures of severity. To avoid conditioning on the future and potential immortal time bias, we changed the index date to 30 days after the admission date, with subsequent new matching at this point in time. We excluded patients who died or had stroke within 30 days in this analysis.
In all sensitivity analyses, a 1-to 5-year instead of a 1-to 30-year follow-up period was applied for long-term risk assessment.
All statistical analyses were performed using SAS version 9.2. According to Danish law, no approval from an ethics committee or informed consent from patients was required for this registry-based study. The study was approved by the Danish Data Protection Agency (record numbers: 1-16-02-1-08 and 2011-41-5755).
Results
The study comprised 289 353 heart failure patients and 1 446 765 individuals from the general population (Table 1) . Because of the study design, the distribution of age, sex, and calendar year of the index date was the same for both cohorts. The median follow-up was 1.9 years (interquartile range, 0.2-5.1 years) for the heart failure cohort and 6.7 years (interquartile range, 3.2-11.9 years) for the general population comparison cohort. Competing mortality largely explains the difference in median follow-up. Heart failure patients had a higher prevalence of cardiac and noncardiac comorbidity than people from the general population (Table 1) .
Ischemic Stroke
Cumulative incidence curves for the heart failure and general population cohorts are shown in Figure 1 . During the first 5 years, patients with heart failure had a slightly higher absolute risk of ischemic stroke than individuals from the general population (Table 2 and Figure 1 ; and Table II in the online-only Data Supplement). After 5 years, the absolute risk of ischemic stroke was somewhat lower for heart failure patients than for the general population cohort because of competing mortality. In the Cox regression analysis, the 30-day aSRR was 5.08 (95% CI, 4.58-5.63). It declined but remained elevated during Table 2 ). Standardized incidence ratio estimates agreed closely with unadjusted stroke rate ratios (Table 2) , and the associations between heart failure and ischemic stroke persisted in patients without atrial fibrillation or atrial flutter (Table 3) .
Hemorrhagic Stroke
During the first 5 years of follow-up, absolute risks of ICH and SAH were similar for heart failure patients and the general population comparison cohort. After 5 years, absolute risks decreased for the heart failure cohort because of competing mortality (Figure 1 
Stroke Risk Over Time
Temporal changes in stroke risk are illustrated in Figure 2 . For ischemic stroke, a slight increase was seen in the 30-day aSRR over the 3 decades. In contrast, the aSRR slightly decreased for the 31-to 365-day and 1-to 5-year follow-up periods. For ICH, the aSRR remained stable during the 3 decades.
Subgroup and Sensitivity Analyses
Analyses stratified by age, sex, and cardiac comorbidity are presented in Table III in the online-only Data Supplement. For ischemic stroke, the aSRRs were similar for men and women. Although the aSRR for ischemic stroke decreased with age, the age-stratified results were consistent with the pattern reported for the main analysis (Table III the online-only Data  Supplement) . The results were not appreciably different in any of the sensitivity analyses (Tables IV-X in the online-only Data Supplement). Within the first year of follow-up, the association between heart failure and ischemic stroke was stronger for patients admitted than for those not admitted to the intensive care unit and for those with length of stay >7 days than for those with length of stay ≤7 days (Table X in the online-only Data Supplement).
Discussion
In this nationwide cohort study, heart failure was associated with increased risks of ischemic stroke, ICH, and SAH over both the short and long term, and risks did not differ over 3 decades of follow-up. The associations persisted in patients without atrial fibrillation or flutter, across age groups, and sex, and remained robust in sensitivity analyses.
In accordance with previous studies, we found that heart failure is a strong risk factor for ischemic stroke, especially over the short term. A US cohort study of 630 heart failure patients reported a 17-fold elevated 30-day ischemic stroke risk compared with the general population, which persisted over 5 years. 6 These findings were supported by a UK study reporting 2-to 3-fold higher odds for prevalent stroke in heart failure patients compared with the general population. 7 Similar to these results, a Danish study of 1239 heart failure patients in the Diet, Cancer and Health Cohort reported an ischemic stroke rate ratio of 2.3 (95% CI, 1.8-3.0) and a 30-day relative risk for the composite outcome of death and all strokes of 35.7 (95% CI, 27.5-46.4). Although the association leveled out, it persisted over time (6 months to 14 years). 15 Similarly, a Dutch cohort study of 1247 heart failure patients found that the rate of ischemic strokes was elevated in the first 6 months after a heart failure diagnosis. In contrast to our findings, the risk then converged to or became even lower than the risk of the general population. 5 The Danish Diet, Cancer and Health Cohort study also reported elevated hemorrhagic stroke risk (adjusted hazard ratio, 1.8; 95% CI, 1.0-3.3) in heart failure patients, 15 while another study found a decreased hemorrhagic stroke risk (hazard ratio, 0.80; 95% CI, 0.37-1.76) 5 among heart failure patients relative to the general population. Our study complements and extends knowledge about long-term stroke risk and risk of stroke subtypes among patients with heart failure.
Several mechanisms are thought to underlie the increased risk of ischemic stroke in heart failure patients. One is formation of thrombi in the dilated, hypokinetic left ventricle because of wall-motion abnormalities and in the left atrium because of atrial fibrillation. In addition to shared stroke risk factors, heart failure is also associated with increased activity of procoagulant factors, aggregation of thrombocytes, and endothelial dysfunction. 3 Changes in cardiovascular risk factors over time could be a part of the causal pathway to a subsequent stroke, and thus, they were not adjusted for in the analyses. Clinical pathways leading to the increased risk of hemorrhagic stroke are less well characterized and likely multifactorial, but may in part reflect a higher use of CC indicates comparison cohort; CI, confidence interval; HF, heart failure; and SIR, standardized incidence ratio. *Adjusted for matching factors (age, sex, calendar decade of heart failure diagnosis). †Adjusted for matching factors, myocardial infarction, angina pectoris, atrial fibrillation/atrial flutter, valvular heart disease, intermittent claudication, venous thromboembolism, hypercholesterolemia, hypertriglyceridemia, hypertension, obesity, diabetes, chronic kidney disease, cancer, chronic pulmonary disease, alcoholismrelated disorders, and dementia.
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antithrombotic drugs in the heart failure cohort than in the general population comparison cohort during follow-up. Use of antithrombotic agents to reduce ischemic stroke risk among heart failure patients in sinus rhythm has been debated during recent years. 2 Because of null findings in randomized trials, anticoagulants have not been included in international treatment recommendations for heart failure patients without atrial fibrillation. 2 However, the WARCEF substudy (Warfarin Versus Aspirin in Reduced Cardiac Ejection Fraction) of heart failure patients in sinus rhythm reported that longer time in the therapeutic range among patients allocated to warfarin reduced the risk of the primary outcome (ischemic stroke, ICH, or death) and death alone and also improved net clinical benefit. 24 Heart failure patients with particularly high stroke risk include those with severely impaired left ventricular ejection fraction 9, 12, 13 and with high risk scores for atrial fibrillation. 25 The potential benefit of ischemic stroke prevention, including use of anticoagulants in heart failure patients without atrial fibrillation who are at high risk of stroke, and the role of nonvitamin K oral antagonists remains to be elucidated. Our study benefitted from a large sample size, nationwide coverage, and virtually complete follow-up for 30 years. The risk of selection bias was, thus, minimized. The positive predictive value of diagnoses of ischemic stroke in the DNPR is 97% (using medical records as reference). 17 However, the positive predictive values are somewhat lower for heart failure (~80%-100%), 26 ICH (74%), and SAH (67%). 17 Because recording of stroke subtypes is likely independent of the presence or absence of heart failure, any misclassification would be nondifferential and, thus, would bias our results toward CI indicates confidence interval. *Adjusted for matching factors, myocardial infarction, angina pectoris, valvular heart disease, intermittent claudication, venous thromboembolism, hypercholesterolemia, hypertriglyceridemia, hypertension, obesity, diabetes mellitus, chronic kidney disease, cancer, chronic pulmonary disease, alcoholism-related disorders, and dementia. the null. 20 We adjusted for a range of confounders, but cannot exclude unmeasured confounders, such as physical activity. We lacked data on left ventricular ejection fraction. We could, therefore, not separately assess the potential differences in stroke risk among heart failure patients with reduced left ventricular ejection fraction and in those with preserved ventricular ejection fraction. However, analyses stratified by proxy measures of heart failure severity-intensive care unit admission and length of hospital stay-suggested that stroke risk may indeed be greater among patients whose left ventricular ejection fractions are reduced.
Conclusions
In this nationwide cohort study, heart failure was associated with increased hazard of ischemic stroke, ICH, and SAH, especially in the short term but also in the long term, suggesting that heart failure is an important risk factor for all types of stroke. This finding highlights the importance of clinical attention to stroke risk among heart failure patients. Further studies on potential prevention strategies are warranted. 
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